Introduction {#s1}
============

Humans are exposed to a range of particles through inhalation. For the assessment of human toxicology, animal models are often employed to determine levels at which toxicity occurs. Inhalation in rodents is a model that resembles human inhalation. Intratracheal instillation and aspiration are alternative exposure models often employed, as these are cost-effective, use less test material and provide safety for the staff. Also, it has been suggested that intratracheal instillation studies are useful for ranking and grouping of nanomaterials ([@CIT0001]). However, when using this administration method, a liquid dispersion medium has to be added as a carrier and dispersant. Dispersion media are often based on saline containing different proteins. These are added to decrease agglomeration size and improve stability of the aggregates for some nanomaterials ([@CIT0008],[@CIT0009]). Conversely, for other materials, protein-free media may be best. CB Printex-90 has a primary agglomerate size in the micrometre range when dispersed in 10% acellular bronchiolar lavage fluid (BAL) in saline ([@CIT0004],[@CIT0010]), whereas 50- to 100-nm agglomerates are observed in water ([@CIT0011],[@CIT0012]).

Dispersion media may, however, influence the nature and severity of the toxicity. It has e.g. been proposed that dispersion media should be tested on how they affect the genotoxic properties of the dispersed particle. This is because the dispersion medium can participate in the formation of a protein corona on the material surface and thus influence the available surface area. The latter is a potential determinant of genotoxicity ([@CIT0013]).

We aimed at assessing whether dispersion media in general influence toxicity. At the same time, we wanted to determine the best dispersion media to mimic inhalation toxicity for three specific nanomaterials. These were carbon black (CB), multiwalled carbon nanotubes (CNT) and titanium dioxide nanoparticles (TiO~2~). CB Printex-90 (14 nm of diameter) has been extensively characterised ([@CIT0006],[@CIT0010],[@CIT0014]) and has at a dose of 8 mg/kg mouse body weight (bw) by intratracheal administration been used extensively as a positive control and reference particle in the toxicological testing of nanomaterials ([@CIT0004],[@CIT0012],[@CIT0013],[@CIT0015]). Rodent inhalation of CB Printex-90 is associated with increased levels of DNA strand breaks in BAL cells ([@CIT0019]) and in liver cells ([@CIT0011]), although no effect was found on 8-Oxo-dG levels in DNA in rat lung following exposure to CB ([@CIT0020]). CB has been evaluated as possibly carcinogenic to humans (IARC group 2B) based on animal studies ([@CIT0021]). Rodent inhalation of CNTs increases neutrophil numbers in BAL fluid ([@CIT0022]). Regarding genotoxicity, DNA strand breaks were increased in rats by inhalation of 0.94 mg/m^3^ multiwalled CNTs ([@CIT0026]). Following inhalation in mice, DNA damage increased for straight but not tangled CNTs ([@CIT0027]). Rodent inhalation of TiO~2~ increases BAL neutrophil numbers as shown e.g. in refs ([@CIT0028]). Genotoxicity was found in one study ([@CIT0032]), but not in another study ([@CIT0031]). Carcinogenicity was found in one inhalation study ([@CIT0033]), but not in another study ([@CIT0034]). TiO~2~ has been evaluated as possibly carcinogenic to humans (IARC group 2B) based on animal studies ([@CIT0021]).

We wanted to assess whether dispersion media influence pulmonary toxicity of nanomaterials. CB, CNT and TiO~2~ were tested in combination with different dispersion media by intratracheal instillation in mice and rats. BAL neutrophils and lung expression of inflammatory genes were measured to assess inflammation. The studies were mainly mice studies on CB, CNT and TiO~2~, supplemented with a confirmatory rat study on two of the dispersion media. Levels of DNA strand breaks were analysed by comet assay comparing tail lengths of BAL cells. The results were compared to data from the literature on studies using inhalation as well as intratracheal instillation.

Materials and methods {#s2}
=====================

Materials {#s3}
---------

Printex-90 CB nanoparticles were a gift from Evonik Degussa (Essen, Germany). The diameter was 14 nm, and the specific surface area was 295--338 m^2^/g ([@CIT0019],[@CIT0035]). It was composed of 99% C, 0.8% N and 0.01% H, and the total content of polycyclic aromatic hydrocarbons was 0.07 mg/g ([@CIT0035]). CNT NM-400 are multiwalled CNTs (diameter 30 nm). Physical--chemical characteristics are described in refs ([@CIT0036]). Titanium dioxide (TiO~2~) nanoparticles, one with endogenous negative surface charge (NRCWE-001) (NanoAmor, Houston, TX, USA) and one based on NRCWE-001 was modified to be positively charged (NRCWE-002) ([@CIT0038]). A third TiO~2~ particle NRCWE-025 was similar to NRCWE-001 except for having a supplier reported size of 80 nm ([@CIT0039]) and a measured size of 38 nm ([@CIT0040]). Physical-chemical properties of the materials are detailed in [Table 1](#T1){ref-type="table"}.

###### 

Physical--chemical characterisation of the investigated nanomaterials dispersed in different media

  Nanomaterial                                                                                                                                                                                                                                                                                Dispersion medium                Size as *Z*-average (nm)   Dispersity   BET surface area (m^2^/g)
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------- -------------------------- ------------ ---------------------------
  CB Printex-90 (declared size 14 nm; minor elements: N: 0.82%, H: 0.01%)                                                                                                                                                                                                                     Water                            81.7                       0.383        295, taken from (19)
  --                                                                                                                                                                                                                                                                                          2% serum                         62.8                       0.168        --
  --                                                                                                                                                                                                                                                                                          10% BAL in 0.9% NaCl             1231                       0.642        --
  --                                                                                                                                                                                                                                                                                          0.05% BSA in water and ethanol   112                        0.325        --
  --                                                                                                                                                                                                                                                                                          10% BAL in water                 4345                       1.000        --
  --                                                                                                                                                                                                                                                                                          0.1% Tween-80                    112                        0.219        --
  CNT NM-400 \[supplier information on size: 30 nm × 5 µm, no known coating, characterised in water with 2% foetal calf serum, TEM size: diameter: 5--35, length: 700--3000 nm; size in water 198 ± 85 nm; size in saline 124 ± 50 nm; measured by NanoSight tracking analysis (36,38,66)\]   2% serum                         Not detectable by DLS                   298, taken from (38)
  --                                                                                                                                                                                                                                                                                          0.05% BSA in water and ethanol   Not detectable by DLS                   298, taken from (38)
  TiO~2~ NRCWE-001 \[supplier information size (10 nm by XRD); known coating: none; phase: rutile (but \~6% anatase observed in one of two samples); primary characteristics by TEM; irregular euhedral particles detected (38)\]                                                             Water                            111                        0.120        99, taken from (38)
  --                                                                                                                                                                                                                                                                                          2% serum                         128                        0.136        --
  --                                                                                                                                                                                                                                                                                          0.05% BSA in water and ethanol   123                        0.180        --
  NRCWE-002 \[supplier information size (10 nm by XRD) and form: rutile; known coating: positively charged; phase: rutile; coating: positively charged; primary characteristics by TEM irregular euhedral particles detected by TEM (38)\]                                                    Water                            1232                       0.251        84, taken from (38)
  --                                                                                                                                                                                                                                                                                          2% serum                         146                        0.194        --
  --                                                                                                                                                                                                                                                                                          0.05% BSA in water and ethanol   149                        0.217        --
  NRCWE-025 (described as rutile; XRD size supplier 80 nm; XRD size 38.1 nm; AFM particle size 35.3 nm)                                                                                                                                                                                       Water                            187                        0.153        28, value from (40)
  --                                                                                                                                                                                                                                                                                          2% serum                         211                        0.130        --
  --                                                                                                                                                                                                                                                                                          0.05% BSA in water and ethanol   221                        0.127        --

Dispersion procedures {#s4}
---------------------

### Preparation of cell-free BAL fluid and serum {#s5}

BAL was collected under anaesthesia (anaesthesia procedure described below). The lungs of unexposed C57BL/6 mice were flushed twice with 0.6 ml 0.9% NaCl solution, yielding a total of \~1 ml BAL fluid. Cells were next removed by centrifugation at 400 × g (10 min, 4°C). The final acellular fluid was stored at −20°C until use. C57BL/6JBomTac mouse serum was obtained from unexposed animals by removing coagulated cells from blood by centrifugation. Serum was stored at −20°C until use.

### Sonication procedure {#s6}

Unless otherwise stated below, sonication of all dispersions was performed on ice-bath for 16 min using a Branson Sonifier S-450D (Branson Ultrasonics Corp., Danbury, CT, USA) equipped with a 13-nm disruptor horn (model number: 101-147-037; Branson Ultrasonics Corp., Danbury, CT, USA). To assure particle homogeneity, the suspension was administered to the animals within 1 h after sonication. All dispersion medium control samples were done as described below for specific nanoparticles, except that no nanomaterials were included.

### Preparation of CB, CNT and TiO~2~ in water {#s7}

Particles were suspended in 0.2-mm filtered, γ-irradiated Nanopure Diamond UV water (Pyrogens: \<0.001 EU/ml, total organic carbon: \<3.0 ppb) ([@CIT0011]). The amount of particles was 3.24 mg/ml corresponding to 162 µg/mouse at a volume of 50 µl.

### Preparation of CB, CNT and TiO~2~ in 2% serum {#s8}

Two percent serum diluted in Nanopure water was added to the weighed out nanomaterials. CB, CNT and TiO~2~ suspensions were 3.24 mg particles/ml, giving mass concentrations of 162 µg/mouse. For CNT the sonicated suspension was diluted into 54 µg CNT/mouse. For TiO~2~, the sonication suspension was 1.34 mg particles/ml to obtain a dose level of 67 µg/mouse.

### Preparation of CB and TiO~2~ in BAL {#s9}

The nanoparticles were suspended in 0.9% NaCl MilliQ water containing 10% v/v BAL. Particles were suspended in an amount of 3.24 mg/ml for CB to obtain a dose level of 162 µg/mouse and in an amount of 1.34 mg/ml for TiO~2~ (67 µg/mouse). The sonication procedure was done as described above, except the suspensions were sonicated by alternating 10-s pulses and 10 s pauses for 16 min. Preparation of CB in BAL in water was done in the same way except that no NaCl was added.

### Preparation of CB in 0.1% Tween 80 {#s10}

The CB particles were dispersed by sonication in 0.1% Tween-80 \[chemical name: polyoxyethylene (20) sorbitan mono-oleate\] (Croda International, Goole, UK) at an amount of 3.24 mg/ml.

### Preparation of CB in 0.05% bovine serum albumin (BSA) {#s11}

CB was pre-wetted by ethanol 0.5% (v/v), followed by sonication in 0.05% w/v BSA water at a 2.56 mg/ml.

Material characterisation {#s12}
-------------------------

The hydrodynamic size distributions of the different dispersions were determined by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS (Malvern Instruments, UK) and the Dispersion Technology Software v5.0 (Malvern Instruments, UK). Size distributions were measured at 25°C directly on the instillation suspensions. Data were recorded as the mean value of six consecutively repeated analyses of each sample. For the calculation of hydrodynamic size and dispersity, standard optical and viscosity properties for water were used. Refractive and absorption indices of 2.020 and 2.000 were used for CB. These values were 2.903 and 0.10, respectively, for TiO~2~.

Animal housing {#s13}
--------------

This investigation encompasses five animal studies, four using mice and one using rats. The parameters in these studies are detailed in [Table 2](#T2){ref-type="table"}. All animal procedures complied with the EC Directive 86/609/EEC and Danish law regulating experiments with animals (The Danish Ministry of Justice, Animal Experiments Inspectorate permission 2006/561--1123). Female C57BL/6J BomTac mice, 6--7 weeks of age, and with a body weight (bw) of 19 ± 1.5 g were obtained from Taconic Europe (Ejby, Denmark). Upon arrival, the animals were randomised either to cages containing control animals (*n* = 2--8) or to cages containing animals for nanomaterial administration (*n* = 2--8). The mice were allowed to acclimatise 1--2 weeks before the experiment. Food (Altromin no. 1324, Christian Petersen, Denmark) and tap water were provided *ad libitum*. Housing was polypropylene cages with Enviro-Dri bedding (Brogaarden, Gentofte, Denmark). Enrichment was MS blocks of wood (Brogaarden, Gentofte, Denmark) and hides (Mouse House, Scanbur, Karlslunde, Denmark). Housing was at a temperature of 20 ± 2°C and a humidity of 50 ± 20% with a 12 h light:12 h dark cycle (on from 6 a.m. to 6 p.m.). Female Sprague Dawley rats were purchased from Taconic Europe (Ejby, Denmark) and housed two in each cage. Housing conditions were as described for mice. The rats were 7 weeks old at arrival and 8 weeks old at the beginning of the experiment. The weight at the beginning of the experiment was in the range of 171--205 g.

###### 

Overview of animal experiments

  Investigation number                                                                             Particles                                                                              Animal species and number (*N*) of animals   Dispersion media tested                                                                                                                                Exposure period and end points (comet assay system)
  ------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------- -------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------ -----------------------------------------------------
  1                                                                                                162 µg/mouse (8 mg/kg bw) CB or 54 µg/mouse (2.7 mg/kg bw) CNT                         Mouse                                        Nanopure water (CB)                                                                                                                                    24 h:
  *n* = 6 per group (in total n = 72)                                                              2% serum in Nanopure water (CB, CNT)                                                   BAL neutrophils, *Saa3* and *Mcp-1* mRNA                                                                                                                                                            
  0.05% serum albumin in Nanopure water and powder pre-wetting with 0.5% (v/v) ethanol (CB, CNT)   DNA strand breaks (Andor Komet 6)                                                                                                                                                                                                                                                          
                                                                                                   10% BAL fluid in 0.9% NaCl (CB)                                                                                                                                                                                                                                                            
  10% BAL fluid in Nanopure water (CB)                                                                                                                                                                                                                                                                                                                                                        
  2                                                                                                162 µg/mouse (8 mg/kg bw) CB                                                           Mouse                                        0.1% Tween-80 in Nanopure water                                                                                                                        24 h:
  *n* = 7 per group (in total *n* = 14)                                                                                                                                                   BAL neutrophilsDNA strand breaks (IMSTAR)                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                              
  3                                                                                                162 µg/mouse (8 mg/kg bw) CB                                                           Mouse                                        Nanopure water                                                                                                                                         3, 5 and 28 days:
  *n* = 8 per group (in total *n* = 144)                                                           2% serum in Nanopure water                                                             BAL neutrophils                                                                                                                                                                                     
                                                                                                   0.05% serum albumin in Nanopure water and powder pre-wetting with 0.5% (v/v) ethanol   DNA strand breaks (IMSTAR)                                                                                                                                                                          
  4                                                                                                67 µg/mouse (3.3 mg/kg bw) TiO~2~ NRCWE-001, NRCWE-002 or NRCWE-025                    Mouse                                        For TiO~2~ particles: Nanopure water 2% serum in Nanopure water 0.05% serum albumin in Nanopure water and powder pre-wetting with 0.5% (v/v) ethanol   24 h:BAL neutrophilsDNA strand breaks (IMSTAR)
  162 µg/mouse (8 mg/kg bw) CB                                                                     *n* = 8 per group (except NRCWE-001 in 2% serum *n* = 7) (in total *n* = 103)                                                                                                                                                                                                              
                                                                                                                                                                                          For CB: 2% serum in Nanopure water                                                                                                                                                                  
  5                                                                                                1620 µg/rat (5.4 mg/kg bw) CB                                                          Rat                                          Nanopure water                                                                                                                                         24 h:
                                                                                                                                                                                          *n* = 6 per group (in total *n* = 24)        0.05% serum albumin in Nanopure water and powder pre-wetting with 0.5% (v/v) ethanol                                                                   BAL neutrophilsDNA strand breaks (Andor Komet 6)

Animal procedures {#s14}
-----------------

At 8 weeks of age, the mice were administered particles or dispersion medium controls. This was done by single intratracheal instillation. The mice were anaesthetised by 4% isoflurane inhalation or alternatively by injection with a volume of 0.2 ml containing Hypnorm (fentanyl citrate 0.315 mg/ml and fluanisone 10 mg/ml from Janssen Pharma) and Dormicum (midazolam 5 mg/ml from Roche). The intratracheal instillation procedure is described in detail in ref. ([@CIT0005]). A volume of 50-µl particle or vehicle control suspension was instilled followed by 150-µl air. This was done with a 250-µl SGE glass syringe (250F-LT-GT, MicroLab, Aarhus, Denmark). Afterwards, breathing was observed to assure that airways were not blocked. At euthanisation, the mice were anaesthetised using subcutaneous injection of Hypnorm/Dormicum/water at a ratio of 1:1:2. The start dose was 0.1 ml/25 g. The dose was increased if deemed necessary. The abdomen and thorax were opened, and it was observed whether macroscopic abnormalities such as discolourations, ascites or bleeding were present. To recover BAL, the lungs were flushed twice each using 1-ml saline/25 g bw using a 1- or 2-ml syringe. Each flush consisted of three down and up movements (each lasting 5--10 s). The final fluid volume that was recovered from the lungs was estimated and recorded. The BAL fluid was kept on ice until separation of fluid and cells by centrifugation at 400 × g at 4°C for 10 min (done within 2 h).

Regarding rats, these were anaesthetised by intubation with an 18-gauge 45-mm-long tube with 5% isoflurane at a flow rate of 200--250 ml/min. As we observed that rats may stop breathing if instilled in deep anaesthesia, we kept the rats intubated without isoflurane. Instillation was completed well before the animals gained consciousness. Breathing was observed; none of the rats stopped breathing. The rats were intratracheally instilled on a 40° slope with 500 µl of particle or vehicle control suspension, immediately followed by 500 µl of air. At the end of exposure, the animals were anaesthetised by subcutaneous injection of Hypnorm/Dormicum/water at a ratio 1:1:2 at a recommended volume of 0.3 ml/100 g. The animals were then euthanised by bleeding via a cut in the groin area. Next, BAL was prepared by flushing the lungs 10 times with 5-ml saline. Each volume flushed once and subsequently combined in one tube. BAL cells were recovered by centrifugation.

BAL cell procedure for comet assay and differential counting {#s15}
------------------------------------------------------------

Cells were resuspended in 100 µl HAMF12 medium with 10% foetal bovine serum (Prod numbers: 217654037 and 10106169, Invitrogen, Carlsbad, CA, USA). Forty microlitre of this suspension was mixed with 160 µl of HAMF12 medium with 10% foetal bovine serum containing 10% dimethyl sulfoxide (DMSO). This was stored at −80°C until comet assay analyses. For immune cell differential counting, 40 µl of the fresh suspension was collected on microscope slides by centrifugation at 60 × g for 4 min using a Cytofuge 2 (StatSpin, Bie and Berntsen, Rødovre, Denmark). Next, the cells were fixed on the slides in 96% ethanol and incubated with May-Grünwald-Giemsa stain. Two hundred cells were differentially counted. The number of neutrophils was recorded. The total number of cells in the suspension was measured with a NucleoCounter NC-100 (Chemometec, Allerød, Denmark) Live/Dead Assay.

Levels of DNA strand breaks {#s16}
---------------------------

Levels of DNA strand breaks were assessed in BAL cells as tail length measured by comet assay using either the Andor Komet 6 assay as described ([@CIT0041]) or the IMSTAR system as described ([@CIT0042]) (see [Table 2](#T2){ref-type="table"} for information on in which experiments these were used). In brief, for Andor Komet, the following procedure was done. BAL cells in freezing medium were thawed and immediately embedded in 0.6% agarose and loaded onto GelBond Film Slides (Lonza, Rockland, ME, USA). The slides were incubated overnight with 4°C cold lysing buffer (2.5 M NaCl, 10 mM Tris, 100 mM sodium-ethylenediaminetetraacetic acid (EDTA), 1% sodium sarcosinate, 10% DMSO, 1% Triton X-100, pH 10). The slides were then rinsed in cold electrophoresis buffer, alkaline treated with ice-cold electrophoresis buffer directly in the electrophoresis chamber (0.3 M NaOH, 1 mM sodium-EDTA, pH 13.2). Electrophoresis was conducted for 20 min on ice at 25 V (0.76 V/cm) and 192--196 mA (pH \> 13). Then, the slides were rinsed in neutralisation buffer (0.4 M Tris, pH 7.5) and fixed for 1.5 h in 96% ethanol. Next, nuclei were stained with SYBR® Gold in TE buffer (10 mM Tris--HCl, 1 mM EDTA, pH 7.6). For IMSTAR, the same procedure was followed except, the agarose concentration was 0.7%, the slides were Trevigen Comet Slides (Trevigen, Gaithersburg, MD, USA), the electrophoresis was conducted at 38 V (1.2 V/cm) for 25--30 min and fixing was done for 5 min in 96% ethanol followed by 15 min at 45°C, nuclei were stained with SYBR® Green. Both tail length and percentage DNA in the tail were evaluated as measures of DNA strand breaks. Tail length was presented in graphs and used for the evaluation of results. Both end points were reported in tabulated form in Supplementary Material, available at *Mutagenesis* Online. Negative and positive controls were included in each run, namely A549 cells, exposed to 0 and 30 µM H~2~O~2~. To enable comparison between different data sets, comet data were normalised to the negative A549 controls included on each slide.

RNA isolation and quantitative PCR measurements {#s17}
-----------------------------------------------

RNA was recovered from lung tissue by use of the NucleoSpin 96 RNA kit (Macherey-Nagel). The left lung was lysed in 2-ml RLT buffer, by homogenising for 2 × 60 s in a Tissuelyser (Qiagen, Denmark) containing a 5-mm stainless steel bead and run through a QIAshredder (Qiagen, USA). The remaining purification steps were done according to the manufacturer's description. cDNA was next prepared using TaqMan reverse transcription reagents (Applied Biosystems, USA) according to the manufacturer's description. *Saa3* and *Mcp-1* mRNA levels were determined using real-time quantitative PCR (qPCR) with 18S RNA as reference gene. *Mcp-1* was determined as described ([@CIT0043]). *Saa3* was determined as described ([@CIT0015]). qPCR was conducted with Universal Mastermix (Applied Biosystems, Nærum, Denmark). The qPCR was performed on an ABI PRISM® 7500 sequence detector (PE Biosystems, Foster City, CA, USA) as described previously ([@CIT0043]). Data were normalised to 18S rRNA (prod. no. Mm03024053_m1 from Applied Biosystems) and multiplied with 10^7^ to obtain readable numbers.

Statistics {#s18}
----------

Statistics were calculated using the software package Graph Pad Prism 7.02 (Graph Pad Software Inc., La Jolla, CA, USA). Data were tested for normality using the Shapiro--Wilk test. The *t*-test and the analysis of variance (ANOVA) test are robust against deviations in normality but somewhat sensitive to differences in standard deviation. The *t*-test and the ANOVA were not performed if the *P*-value of the Shapiro--Wilk test was very low (*P* \< 0.001) or if the standard deviation was deemed very different using the *F* test (for two sample comparisons) or Brown--Forsythe test for three or more treatment groups (*P* \< 0.001). In case of these described deviations in normality or in standard deviations, non-parametric Mann--Whitney test (two groups) or Kruskal--Wallis test (more than two groups) were applied. To assess differences in between groups in one-way ANOVA or Kruskal--Wallis test, multiple comparisons post tests were applied. These were Holm-Sidak's multiple comparisons test (ANOVA) or Dunn's multiple comparisons test (Kruskal--Wallis test).

Results {#s19}
=======

Effect of dispersion medium on agglomerate size {#s20}
-----------------------------------------------

Six different dispersion media were tested. These included media that have previously been used for the dispersion of nanomaterials. These were water ([@CIT0011],[@CIT0012],[@CIT0015]), 10% cell-free BAL in 0.9% NaCl ([@CIT0006]), 2% serum ([@CIT0016],[@CIT0017],[@CIT0044]), 0.1% Tween80 ([@CIT0045]). In addition, we included two media that have not been used previously. These were 0.05% serum albumin in water and 10% cell-free BAL in water. The six different dispersion media yielded very different agglomeration sizes as measured by DLS ([Table 1](#T1){ref-type="table"}). The smallest CB particle agglomerates (measured as maximal number percentage) (18 nm) were observed in pure water, whereas agglomerates with mean sizes of 59 and 68 nm were observed in 2% mouse serum in water and 0.05% serum albumin in water, respectively. Ten percent BAL in 0.9% NaCl and 10% BAL in water both resulted in agglomerates in the micrometre range (1.2 and 4.3 µm, respectively). *Z*-average values of TiO~2~ particles are reported in [Table 1](#T1){ref-type="table"}.

Effect of dispersion medium on pulmonary inflammation {#s21}
-----------------------------------------------------

BAL neutrophil numbers were increased in mice exposed to CB regardless of dispersion medium ([Figures 1--3](#F1 F2 F3){ref-type="fig"}). Higher neutrophil cell numbers were observed at 24 h with CB in 2% serum as compared to CB in water and as compared to CB in 10% BAL in water. At 3, 5 and 28 days, these inter-dispersion medium differences were not seen ([Figure 2](#F2){ref-type="fig"}). The levels observed at Day 3 and onwards indicate a quick return from the additional and higher neutrophil influx observed with four of the dispersion media to the same level as observed with CB in water. In rats, CB in 0.05% BSA induced a higher response as compared to CB in water. For TiO~2~ in mice nanoparticles, increased BAL neutrophil numbers were observed for NRCWE-001 and NRCWE-002, but not for the larger TiO~2~ NP NRCWE-025 ([Figure 3](#F3){ref-type="fig"}). NRCWE-002 in water gave a higher response as compared to this particle in 2% serum and as compared to this particle in 0.05% BSA ([Figure 3](#F3){ref-type="fig"}). BAL neutrophil numbers were increased in mice exposed to CNT regardless of dispersion medium ([Figure 1](#F1){ref-type="fig"}).

![Effect of dispersion medium on neutrophils influx in BAL for CB and CNT 24 h after pulmonary administration to mice or rats. CB was administered intratracheally to mice at 162 µg/mouse (**A**) or at 1620 µg/rat (**B**). CNT was administered at 54 µg/mouse (A). Twenty-four hours later BAL fluid was prepared and the number of neutrophils established by differential counting. Data are mean and bars represent SD. \*\*\*, \*\* and \* designate *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of *t*-test because data were approaching normality and were not having a highly different variation (details given in the Methods section). §§§, §§ and § designate *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of one-way ANOVA with Holm-Sidak's multiple comparisons test because data were approaching normality and were not having a highly different variation (details given in the Methods section). The Tween-80 dispersion medium data are from an independent experiment and are thus not included in the multiple comparisons tests.](gex04201){#F1}

![Effect of dispersion medium on neutrophil influx in BAL for CB 3, 5 and 28 days after pulmonary administration to mice. CB was administered intratracheally to mice at 162 µg/mouse. Three, five or twenty-eight days later BAL fluid was prepared and the number of neutrophils established by differential counting. Data are mean and bars represent SD. \*\*\*, \*\* and \* designate *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of *t*-test in case of data approaching normality and not having a highly different variation (details given in the Methods section), otherwise of Mann--Whitney test.](gex04202){#F2}

![Effect of dispersion medium on neutrophil influx in BAL for TiO~2~ and CB control 24 h after administration to mice. Three different TiO~2~ were administered intratracheally to mice at 67 µg/mouse. CB was administered at 162 µg/mouse. Twenty-four hours later BAL fluid was prepared and the number of neutrophils established by differential counting. Data are mean and bars represent SD. \*\*\*, \*\* and \* designate *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of one-way ANOVA with Holm-Sidak's multiple comparisons test of TiO~2~ particles against dispersion medium because data were approaching normality and were not having a highly different variation (details given in the Methods section).](gex04203){#F3}

Pulmonary acute phase response and inflammation was further assessed for CB and CNTs by quantifying pulmonary *Serum amyloid A-3* (*Saa3*) and *Monocyte Chemoattractant Protein-1* (*Mcp-1*) mRNA levels. Pulmonary *Saa3* mRNA levels were increased 24 h after instillation with CB in all five dispersion media. The *Saa3* mRNA levels were higher with CB in 10% BAL in water as compared to all other dispersion media and the level was higher with 0.05% BSA as compared to 2% serum and to 10% BAL in water. The *Saa3* mRNA level was also increased in both CNT groups ([Figure 4](#F4){ref-type="fig"}). *Mcp-1* mRNA levels were increased with CB in all dispersion media ([Figure 4](#F4){ref-type="fig"}). The *Mcp-1* mRNA levels were higher for CB in 10% BAL in water as compared to the other dispersion media, except CB in water. *Mcp-1* mRNA levels were also increased in both CNT groups. A close correlation between *Saa3* and *Mcp-1* mRNA levels was observed.

![*Saa3* and *Mcp-1* mRNA levels were increased in lung tissue 24 h following pulmonary exposure to CB and CNT in mice. CB was administered intratracheally to mice at 162 µg/mouse. CNT was administered at 54 µg/mouse. Twenty-four hours later the animals were euthanised and lung processed for *Saa3* (**A**) and *Mcp-1* (**B**) mRNA measurement by qPCR. Data are mean and bars represent SD. \*\*\*, \*\* and \* designate *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of *t*-test in case of data approaching normality and not having a highly different variation (details given in the Methods section), otherwise by Mann--Whitney test. §§§, §§ and § designate *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of different CB groups against each other of one-way ANOVA with Holm-Sidak's multiple comparisons test in case of data approaching normality and not having a highly different variation (details given in the Methods section), otherwise of Kruskal--Wallis test with Dunn's multiple comparisons test. \#\#\#, \#\# and \# designate *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of different dispersion medium groups against each other of one-way ANOVA with Holm-Sidak's multiple comparisons test in case of data approaching normality and not having a highly different variation (details given in the Methods section), otherwise of Kruskal--Wallis test with Dunn's multiple comparisons test. The Tween-80 dispersion medium data are from an independent experiment and are thus not included in the multiple comparisons tests.](gex04204){#F4}

Effect of dispersion medium on DNA strand breaks in BAL cells {#s22}
-------------------------------------------------------------

CB in water increased levels of DNA strand breaks both in mice and rats 24 h after exposure ([Figure 5](#F5){ref-type="fig"}). CB in 2% serum increased levels of DNA strand breaks in mice in one experiment ([Figure 5](#F5){ref-type="fig"}) but not in another ([Figure 7](#F7){ref-type="fig"}). CB in 10% BAL in NaCl increased levels of DNA strand breaks in mice ([Figures 5](#F5){ref-type="fig"}). There was no effect of CB in 0.05% BSA in water with ethanol pre-wetting in mice or rats ([Figure 5](#F5){ref-type="fig"}) and no effect of CB in 10% BAL in water or of CB in 0.1% Tween-80 ([Figure 5](#F5){ref-type="fig"}).

![Levels of DNA strand breaks are increased in BAL cells by CB in some dispersion media 24 h after administration to mice or rats. CB was administered intratracheally to mice at 162 µg/mouse (**A**) or at 1620 µg/rat (**B**). CNT was administered at 54 µg/mouse (A). Twenty-four hours later BAL fluid was prepared, and tail length was measured by comet assay. Data are mean and bars represent SD. \*\*\*, \*\* and \* designate *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of *t*-test in case of data approaching normality and not having a highly different variation (details given in the Methods section), otherwise of Mann--Whitney test. §§§, §§ and § designate *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of one-way ANOVA with Holm-Sidak's multiple comparisons test in case of data approaching normality and not having a highly different variation (details given in the Methods section), otherwise of Kruskal--Wallis test with Dunn's multiple comparisons test. The Tween-80 dispersion medium data are from an independent experiment and are thus not included in the multiple comparisons tests.](gex04205){#F5}

CB in water also increased levels of DNA strand breaks 3 days after exposure ([Figure 6](#F6){ref-type="fig"}), whereas CB in other dispersion media had no effects. No effects were recorded at later time points. A dispersion medium effect was observed at Day 3 as both CB in different dispersion media and dispersion media alone displayed different levels of DNA strand breaks ([Figure 6](#F6){ref-type="fig"}).

![Only CB dispersed in water dispersion medium increases levels of DNA strand breaks in BAL 3 days after administration to mice. CB was administered intratracheally to mice at 162 µg/mouse. Three, five or twenty-eight days later BAL fluid was prepared, and tail length was measured by comet assay. Data are mean and bars represent SD. \*\*\*, \*\* and \* designate *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of *t*-test in case of data approaching normality and not having a highly different variation (details given in the Methods section), otherwise of Mann--Whitney test. §§§, §§ and § designates *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of CB groups of one-way ANOVA with Holm-Sidak's multiple comparisons test in case of data approaching normality and not having a highly different variation (details given in the Methods section), otherwise of Kruskal--Wallis test with Dunn's multiple comparisons test. \#\#\#, \#\# and \# designate *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of dispersion medium groups of one-way ANOVA with Holm-Sidak's multiple comparisons test in case of data approaching normality and not having a highly different variation (details given in the Methods section), otherwise of Kruskal--Wallis test with Dunn's multiple comparisons test.](gex04206){#F6}

No increased levels of DNA strand breaks were observed for CNTs at 24 h when compared to their respective dispersion medium controls. However, the level of DNA strand breaks was higher for CNT in 2% serum as compared to 0.05% BSA in water with ethanol pre-wetting ([Figure 5](#F5){ref-type="fig"}). Regarding TiO~2~, NRCWE-001 administration was associated with a lower level of DNA strand breaks as compared controls. This was seen for water dispersion medium and for 0.05% BSA dispersion medium, but not for the 2% serum dispersion medium. Lower levels of DNA strand breaks were also observed for NRCWE-002, but only in the 0.05% BSA dispersion medium. NRCWE-025 increased levels of DNA strand breaks with all three dispersion media ([Figure 7](#F7){ref-type="fig"}).

![DNA strand break levels in BAL cells 24 h after pulmonary exposure to TiO~2~ and CB in mice. Three different TiO~2~ were administered intratracheally to mice at 67 µg/mouse. CB was administered at 162 µg/mouse. Twenty-four hours later BAL fluid was prepared, and tail length was measured by comet assay. Data are mean and bars represent SD. \*\*\*, \*\* and \* designates *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of one-way ANOVA with Holm-Sidak's multiple comparisons test of TiO~2~ particles against dispersion medium in case of data approaching normality and not having a highly different variation (details given in the Methods section), otherwise of Kruskal--Wallis test with Dunn's multiple comparisons test. §§§, §§ and § designate *P*-values of \<0.001, \<0.01 and \<0.05, respectively, of TiO~2~ data of each TiO~2~ particle type against each other of one-way ANOVA with Holm-Sidak's multiple comparisons test in case of data approaching normality and not having a highly different variation (details given in the Methods section), otherwise of Kruskal--Wallis test with Dunn's multiple comparisons test.](gex04207){#F7}

The above-described DNA strand break levels were assessed as tail length. Overall, a similar pattern was seen using % DNA in the tail ([Supplementary Tables S1--S4](#sup1){ref-type="supplementary-material"}, available at *Mutagenesis* Online).

Discussion {#s23}
==========

For the assessment of nanomaterial toxicity, it is often desirable to use alternative exposure methods to inhalation, but still observe effects that closely mimic those observed following inhalation exposure. Intratracheal instillation has been developed as a cost-effective method that delivers the desired amount of particles directly into the deeper part of the lungs ([@CIT0017],[@CIT0046]). However, one drawback of this model is that the particles have to be stably dispersed in an appropriate medium before instillation to ensure uniform dosing of exposed animals. Correctly made, this ensures acceptable agglomerate size for alveolar deposition, but may affect the extent and nature of the toxicological response measured. The aim of this study was to test whether different intratracheal instillation dispersion media influence the pulmonary toxicity of CB, CNT and TiO~2~ nanomaterials. For this, we conducted intratracheal instillation studies using different dispersion media and compared the responses on inflammation and DNA strand breaks with those observed in previous experiments by inhalation.

CB {#s24}
--

CB was included because we consistently have seen more inflammation following intratracheal instillation compared to inhalation. By inhalation, the nano-sized CB Printex 90 causes low levels of inflammation. In a previous study, mice were exposed by nose-only inhalation to aerosolised CB and diesel-exhaust particles (DEP) at 20 mg/m^3^ for 90 min for four consecutive days. DEP, but not CB particles, increased BAL neutrophil influx. Both particles induced increased levels of DNA strand breaks in BAL cells and thus CB-induced genotoxicity seemed to be independent of inflammation ([@CIT0019]). In another study, CB Printex-90 was investigated in dams and offspring following the inhalation of 42 mg/m^3^ 1 h daily during gestation days 8--18 or given by intratracheal instillation (in water dispersion medium) on gestation days 7, 10, 15 or 18. Increased BAL neutrophil numbers were observed after inhalation of an estimated deposited total dose of 287 µg/mouse and with a total instilled dose of 268 µg/mouse. However, instillation caused more neutrophil influx (control: 4 × 10^3^ neutrophils vs. CB: 1.1 × 10^6^) than inhalation (control: 1 × 10^3^ neutrophils vs. CB: 1.2 × 10^4^). CB, by inhalation, increased DNA strand breaks in liver. No increase was observed in this endpoint following intratracheal instillation ([@CIT0011]). Furthermore, Jacobsen *et al.* compared CB inhalation to intratracheal instillation in wild-type mice and ApoE^−/−^ mice. Three and twenty-four hours later, inflammation was assessed. Following 90-min inhalation at a concentration of 60 mg/m^3^, a small non-significant 5-fold increase in neutrophils was recorded. Following instillation, on the contrary, large increases in neutrophils were recorded with doses of 18 and 54 µg/mouse in ApoE^−/−^ mice and also at 54 µg/mouse in C57 mice, 24 h after exposure. The instillation dispersion medium was 10% BAL fluid in 0.9% NaCl ([@CIT0003]). Another study in rats only included CB inhalation exposure with mass concentrations of 1, 7 or 50 mg/m^3^ for 6, 5 or 13 weeks. BAL neutrophils were increased at the two highest doses. Moreover, Hprt-gene mutations were investigated at 13 weeks and found to be increased also at the two highest doses ([@CIT0047]). Also, to support a potentially low inflammation of CB as compared to other nanomaterials is the observation that inhalation of CB Printex caused lower neutrophil influx than inhalation of the TiO~2~ NP UV-Titan L181 in the same experimental setup even though the estimated deposited dose was considerably higher for CB than for TiO~2~ ([@CIT0011],[@CIT0048]).

The findings of genotoxicity are supported by other reports. Based on genotoxicity/mutagenicity/carcinogenicity observed in animal studies, CB has been classified as possibly carcinogenic to humans by IARC ([@CIT0021]). Rats were exposed to CB at an average of 11.6 mg/m^3^ for 104 weeks, and increased formation of lung tumours was found ([@CIT0033]). Mutagenicity caused by CB at a similar level to that observed by DEP has been shown *in vitro* ([@CIT0035],[@CIT0049]). In addition, data on oxidative stress ([@CIT0050],[@CIT0051]), reactive oxygen species production ([@CIT0006],[@CIT0052],[@CIT0053]) and a detailed analysis of mutations caused by CB point to that a high reactive oxygen species production is the cause of the observed oxidatively damaged DNA and mutations ([@CIT0054]).

Based on the data described above, intratracheal instillation of CB in a suitable dispersion medium should result in genotoxicity and limited inflammation. Although we know that as the dose rate is very high using intratracheal instillation compared to inhalation, it will not be possible to eliminate the inflammation completely.

Regarding inflammation in the current investigation, we found that CB in all dispersion media induced inflammation as seen by neutrophil influx. The inflammation induction was supported by mRNA level measurements of the cytokine *MCP-1* and the acute phase protein *Saa3*. Two inflammatory markers *Saa3* and *MCP-1* were upregulated at the mRNA level by CB. However, assessing neutrophil influx 24 h after exposure, CB dispersed in 2% serum induced more inflammation as compared to CB in water and CB in 10% BAL in water. In rats, CB in 0.05% BSA caused higher inflammation than CB in water. This suggests that pure water and 10% BAL in water could be suitable dispersion media for dispersion of CB. Of note, there were no differences in-between the dispersion media at Day 3 and later suggesting that the effect of the medium was neutralised by Day 3 after exposure.

Regarding DNA strand breaks, CB in water increased DNA strand break levels in BAL cells in both mice and rats 24 h after exposure ([Figure 5](#F5){ref-type="fig"}). Moreover, DNA strand breaks were also detected using this dispersion medium at 3 days after exposure ([Figure 6](#F6){ref-type="fig"}). Increased levels of DNA strand breaks were also observed after 24 h with CB in 2% serum and with CB in 10% BAL in NaCl.

In the current investigation, taking all data from studies on CB together it seems that water is the dispersion medium for which the strongest and most consistent effect on genotoxicity is observed, and this is combined with a low level of inflammation.

Agglomeration size was not a predictor of toxicity. CB had the smallest agglomeration size when dispersed in water as compared to the other dispersion media. Nevertheless, small agglomerates were also observed in 2% serum (inducing significantly more inflammation) and 0.1% serum albumin (where CB did not induce DNA strand breaks), whereas CB forms large aggregates in 10% BAL in NaCl. This suggests that agglomeration size is not a determinant of inflammation or genotoxicity as such. Agglomeration size in air is an important determinant deposited dose ([@CIT0055]).

Previous studies using water as a dispersion medium have demonstrated genotoxicity in both presence and absence of inflammation. Mice were exposed by intratracheal instillation to CB dispersed in water at 162 µg/mouse. Levels of DNA strand breaks in BAL cells were increased at 3 h and at 3 days, but not at 1 day. Neutrophils were increased at all time points 3 h, 1 day, 2 days, 3 days and later ([@CIT0056]). Low doses of CB dispersed in water as dispersion medium have also shown increased DNA strand breaks in doses as low as 0.67 µg/mouse at 28 days and 2 µg/mouse at 3 and 28 days. No effect on DNA strand break levels was seen at 162 µg/mouse and all doses increased the neutrophil influx at 24 h ([@CIT0015]).

Two dispersion media, 0.9% NaCl containing 10% BAL and 2% serum, displayed DNA strand breaks in the current investigation. However, genotoxicity was not seen in independent investigations with CB in 2% serum ([@CIT0016],[@CIT0017]). This together with a high level of inflammation suggests that 2% serum is a less suitable dispersion medium for simulating inhalation of CB. For 0.9% NaCl containing 10% BAL, DNA damage has been demonstrated ([@CIT0005],[@CIT0010]). Even though CB in this dispersion medium may be rather inflammogenic as neutrophil influx was increased at all doses ([@CIT0005],[@CIT0010]), this dispersion medium may be an acceptable alternative to water for the simulation of CB inhalation.

TiO~2~ {#s25}
------

Inhaled TiO~2~ particles induce dose-dependent inflammation ([@CIT0007],[@CIT0029],[@CIT0031],[@CIT0057]). Moreover, inflammation in terms of neutrophil influx depends on the deposited surface area ([@CIT0058],[@CIT0059]). Literature data on neutrophil influx as function of surface area from a range of inhalation studies are depicted in [Figure 8](#F8){ref-type="fig"} and detailed in [Table 3](#T3){ref-type="table"}.

![Data from the literature illustrating BAL neutrophil percentage as function of deposited TiO~2~ surface area in the lungs. Data from studies described in [Table 3](#T3){ref-type="table"} are presented in graphical form. Percentage neutrophils in BAL were assessed either immediately after exposure or up to 24 h after exposure as detailed in [Table 3](#T3){ref-type="table"}. The name of the first author of the used reference is added as a label of each data point. Some data from refs ([@CIT0032],[@CIT0057]) are not depicted because the percentage of neutrophils was zero, and only values higher than zero can be plotted on the logarithmic *y* scale.](gex04208){#F8}

###### 

Overview of TiO~2~ inhalation data in the literature

  Animal species                                                                                            TiO~2~ size (nm)                                                                                                                                                           Form                                                             Doses                                                                                                                                               BET surface area (m^2^/g)                                                                                                                   Deposited dose and calculated deposited surface area (m^2^/animal)                                        Inflammation (neutrophils increased in BAL fluid at end of exposure)             Genotoxicity/ carcinogenicity                         Reference
  --------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------- ----------------------------------------------------- --------------
  Mouse                                                                                                     10, but reported to be aggregated                                                                                                                                          Anatase                                                          271 mg/m^3^ for 1 h                                                                                                                                 173                                                                                                                                         Estimated deposited dose (by authors): 91 µg                                                              No (assessed 24 h after exposure)                                                Yes in lung tissue                                    ([@CIT0032])
  Estimated deposited surface area: 160 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Mouse                                                                                                     Anatase crystallite size: 41 nm and brookite size 7 nm, but particles consisted of agglomerates of 10--60 nm crystallites with an average primary particle size of 21 nm   74% anatase, 26% brookite                                        5 days, 4 h/day at 0.8, 7.2 or 28.5 mg/ m^3^                                                                                                        61                                                                                                                                          Measured retained TiO~2~ per animal 2.7, 18 and 84 µg                                                     Yes at highest dose (assessed immediately after exposure)                        No effect on DNA damage                               ([@CIT0031])
  Deposited surface areas: 2, 10 and 50 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  Rat                                                                                                       5 nm, but when tested showed large agglomerates \>100 nm, and small aggregates \<100 nm                                                                                    \<10% rutile, \>90% anatase                                      6 h at 2 or 7 mg/m^3^                                                                                                                               210                                                                                                                                         Calculated lung burden (by authors) 14 and 51 µg                                                          Yes at high dose but only with large aggregates (assessed 16 h after exposure)   Not measured                                          ([@CIT0030])
  Estimated deposited surface areas: 30 and 100 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  Rat                                                                                                       Anatase phase particles were 52 nm and rutile phase particles were 61 nm, but in article measured and reported to be 79 nm                                                 5.5% rutile, 94.5 (not written directly in article) of anatase   2 weeks, 6 h/day for 5 days/week at 11.4 mg/m^3^                                                                                                    Not reported but estimated to be 20 based on TiO~2~ surface areas reported in other studies ([@CIT0007],[@CIT0029],[@CIT0057],[@CIT0067])   Estimated delivered dose (by authors): 10.3 mg/rat                                                        No effect (assessed 24 h after exposure)                                         Not measured                                          ([@CIT0028])
  Estimated deposited surface area: 2000 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Rat                                                                                                       25 ± 8                                                                                                                                                                     14% rutile, 86% anatase                                          2, 10 or 50 mg/ m^3^ 6 h/ day for 5 days                                                                                                            51                                                                                                                                          Measured lung burden TiO~2~ 118, 545 and 1635 µg/lung (by current authors considered to be per 2 lungs)   Effect at two highest doses (assessed at the day of the last exposure)           Not measured                                          ([@CIT0029])
  Deposited surface areas: 60, 300 and 800 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  Rat                                                                                                       Mass median aerodynamic diameter of 1.1 µm. The used particle, Bayertitan *T*, has a size of 1800 nm (70)                                                                  99.5% rutile                                                     5 mg/m^3^ for 18 h per day, 5 days/week for up to 24 months                                                                                         1.9                                                                                                                                         Reported retained mass 2.7 mg/lung                                                                        Not measured                                                                     Tumours were investigated, but no differences found   ([@CIT0034])
  Deposited surface area 50 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  Rat                                                                                                       15--40 nm, mass median aerodynamic diameter was \~1.5 µm                                                                                                                   P25, CAS no. 13463- 67-7, 80% anatase and 20% rutile             18 h/day, 5 days per week for up to 24 months (7.2 mg/m^3^ for first 4 months and then 14.8 mg/ m^3^ for 4 months, and 9.4 mg/m^3^ for 16 months)   48                                                                                                                                          Retained mass in rat at 24 months: 39 mg                                                                  Not measured                                                                     Lung tumours were increased                           ([@CIT0033])
  Deposited surface area in rat: 19000 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  Rat                                                                                                       25                                                                                                                                                                         Aeroxide P25 80% anatase, 20% rutile                             13 or 33 mg/ m^3^ for 4 h                                                                                                                           57                                                                                                                                          Lung burden of 44 or 170 µg                                                                               Effect at highest dose (assessed 20 h after exposure)                            Not measured                                          ([@CIT0007])
  Estimated surface area deposited:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
   Low dose: 25 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
   High dose: 100 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  Rat and mouse                                                                                             21                                                                                                                                                                         P-25 particles (ratio between rutile and anatase not reported)   0.5, 2 or 10 mg/ m^3^ 6 h/day, 5 days/ week for 13 weeks                                                                                            Not provided, estimated to be 50 based on refs ([@CIT0007],[@CIT0029],[@CIT0057],[@CIT0067])                                                Deposited doses:                                                                                          Yes, effect but only at highest dose (assessed immediately after exposure)       Not measured                                          ([@CIT0057])
   High-dose rat: 11 mg/g dried lung = 1.7 mg/ lung (a female rat dried lung weight of 150 mg was used)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
   Mid-dose rat: 1.4 (rat) = 0.2 mg/lung                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
   High-dose mouse: 11 mg/g dried lung = 0.2 mg/lung (a female mouse dried lung weight of 17 mg was used)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
   Mid-dose mouse: 1.7 (mouse) mg/g dried lung weight = 0.03 mg/lung                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
  Estimated surface area in the lungs:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
   Mid-dose rat: 100 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
   High-dose rat: 850 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
    Mid-dose mouse: 15 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
    High-dose mouse: 100 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Rat                                                                                                       21                                                                                                                                                                                                                                          125 mg/m^3^ for 2 h                                                                                                                                 Not provided, estimated to be 50 based on refs ([@CIT0007],[@CIT0029],[@CIT0057],[@CIT0067])                                                Determined lung burden: 765 µg                                                                            Yes, effect                                                                      Not measured                                          ([@CIT0071])
  Estimated surface area dosed: 400 cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

Regarding genotoxicity, published data are not consistent. Mice were exposed to 10-nm TiO~2~ through inhalation at a dose of 271 mg/m^3^ for 1 h with a deposited surface area 160 cm^2^. Increased levels of DNA strand breaks were observed ([@CIT0032]). Rats were exposed to P25 TiO~2~ for 18 h/day, 5 days/week for 24 months at an average exposure of 10 mg/m^3^. Lung tumours were increased at the deposited surface area of 1.9 m^2^ ([@CIT0033]). However, there are a number of studies in which no genotoxicity was found. Mice were exposed to TiO~2~ (74% anatase, 26% brookite for 5 days, 4 h/day) at 0.8, 7.2 or 28.5 mg/m^3^. Deposited surface areas were 2, 10 and 50 cm^2^. No genotoxicity was observed in epithelial lung cells nor were there any increases in polychromatic erythrocyte micronuclei ([@CIT0031]). In another study, rats were exposed to 99.5% rutile TiO~2~ at 5 mg/m^3^ for 18 h/day, 5 days/week for up to 24 months (deposited surface area: 50 cm^2^) and no difference in tumour development was observed ([@CIT0034]).

In the current study, using intratracheal instillation TiO~2~ in water, TiO~2~ in 2% serum in water and TiO~2~ in 0.05% BSA with pre-wetting in ethanol induced similar inflammation, except the 38-nm TiO~2~, perhaps because of a low deposited surface area at the used dose (67 µg/mouse). We found the 38-nm unmodified rutile particle to increase levels of DNA strand breaks with all three dispersion media. Thus, increased levels of DNA strand breaks were observed for NRCWE-025 as has also been observed for CB ([@CIT0015]).

In another study using two of the same TiO~2~ particles, NRCWE-001 and NRCWE-002, the dispersion medium used was water. The doses were 18, 54 and 162 µg/mouse. Neutrophils in BAL were increased at the two highest doses for both particles. DNA strand breaks were decreased with NRCWE-002 at the all three doses at 1 day, but increased at high dose at Day 3 ([@CIT0060]). In addition, there are range of studies with TiO~2~ in different forms and sizes investigated. The ones utilising the same dispersion media as those in the current investigation are summarised in [Table 4](#T4){ref-type="table"}. In general, TiO~2~ induce pulmonary inflammation. DNA damage was found in one study ([@CIT0006]).

###### 

Overview of TiO~2~ intratracheal instillation data from studies in the literature using some of the dispersion media also investigated in the current study

  Animal species   TiO~2~ size (nm)   Form                                                                      Coating                             Dispersion medium   Doses                                        Inflammation (BAL neutrophil increase) at 24 h   DNA damage in BAL cells                                                                                           Reference
  ---------------- ------------------ ------------------------------------------------------------------------- ----------------------------------- ------------------- -------------------------------------------- ------------------------------------------------ ----------------------------------------------------------------------------------------------------------------- --------------
  Mouse            10                 Rutile (same as NRCWE-001)                                                None                                Water               18, 54 and 162 µg/ mouse                     Yes, at two highest doses                        BAL cells: no effect (increasing at two lowest doses at 3 days only tail length)                                  ([@CIT0060])
  Mouse            10                 Rutile (same as NRCWE-002)                                                Positively charged (amino-TiO~2~)   Water               18, 54 and 162 µg/ mouse                     Yes, at two highest doses                        BAL cells: decreased tail length 24 h but increased at highest dose at 3 days (tail length and tail percentage)   ([@CIT0060])
  Mouse            288                Rutile                                                                    Al and polyalcohol                  10% BAL in NaCl     54 µg/mouse                                  No                                               BAL cells: yes                                                                                                    ([@CIT0006])
  Mouse            20.6               Rutile                                                                    Si, Al, Zr, polyalcohol             10% BAL in NaCl     54 µg/mouse                                  Yes                                              BAL cells: yes                                                                                                    ([@CIT0006])
  Mouse            19                 7.8% rutile/92% anatase                                                   None                                10% BAL in NaCl     54 µg/mouse                                  Yes                                              BAL cells: no                                                                                                     ([@CIT0006])
  Mouse            10                 Rutile (same as NRCWE-002)                                                Positively charged (amino-TiO~2~)   Water               8, 32, 64 or 128 µg/ mouse                   Yes, at highest dose                             Not measured                                                                                                      ([@CIT0009])
  Mouse            10                 Rutile (same as NRCWE-002)                                                Positively charged (amino-TiO~2~)   2% serum            8, 32, 64 or 128 µg/ mouse                   Yes, at two highest doses                        Not measured                                                                                                      ([@CIT0009])
  Rat              15                 'Clear crystalline form'                                                  Not reported                        Water               0.2 (0.66 mg/kg bw) or 1 mg (3.3 mg/kg bw)   Yes, at the highest dose                         Not measured, but no lung tumours at 24 months                                                                    ([@CIT0072])
  Rat              15                 Anatase                                                                   None                                Water               1 mg/rat                                     No, but only tested at 3 days                    Not measured                                                                                                      ([@CIT0073])
  Rat              14                 Rutile                                                                    None                                Water               1 mg/rat                                     No, but only tested at 3 days                    Not measured                                                                                                      ([@CIT0073])
  Rat              14                 Amorphous (anatase crystallite size 6.1)                                  Not reported                        Water               1 mg/rat                                     Yes, but only tested at 3 days                   Not measured                                                                                                      ([@CIT0073])
  Rat              28                 P25 (anatase crystallite size 23.5 and rutile crystallite size 35.9 nm)   Not reported                        Water               1 mg/rat                                     Yes but only tested at 3 days                    Not measured                                                                                                      ([@CIT0073])

Overall, we found no consistent dispersion medium-dependent effects on TiO~2~-induced inflammation or genotoxicity.

CNT {#s26}
---

Inhaled CNT are highly inflammogenic. In a 13-week subchronic inhalation study in rats (6 h/day, 5 days/week), 0.4, 1.5 and 6 mg/m^3^ (10 nm in diameter 200--300 nm in length) multiwalled CNT increased BAL neutrophils, whereas 0.1 mg/m^3^ had no effect ([@CIT0023]). DNA damage was seen in two inhalation studies ([@CIT0026],[@CIT0027]). A 104-week carcinogenic study was conducted with multiwalled CNT in rats using 0.02, 0.2 and 2 mg/m^3^. Carcinogenicity was found at the two highest doses ([@CIT0061]). Sargent *et al.* found multiwalled CNT to promote lung adenocarcinoma by inhalation in mice ([@CIT0062]). In contrast, multiwalled CNTs in a 90-day inhalation study in rats did not induce genotoxicity in spite of the induction of inflammation ([@CIT0063]). These data suggest that a dispersion medium for CNT intratracheal instillation should allow for both inflammation and DNA damage.

The dispersion of CNTs is highly challenging since unmodified CNTs are highly hydrophobic and cannot be stably dispersed in water or ionic buffers. Dispersion of CNTs in water will often result in uneven and unstable dispersion ([@CIT0064]), something that could result in little control of the delivered dose. Therefore, CNTs were only studied in dispersion media, which contained proteins to assist dispersion. CNT was found to be equally inflammogenic in the two tested dispersion media, 2% serum and 0.05% serum albumin. The studied CNT, NM-400, did not induce DNA strand breaks as compared to dispersion medium controls. We have previously shown that multiwalled CNT-induced DNA strand breaks depends on the diameter of the multiwalled CNT such that thicker multiwalled CNTs induce more DNA damage than thin multiwalled CNTs ([@CIT0017]). NM-400 is a relatively thin MWCNT and thus not expected to induce DNA damage. Thus, both studied dispersion media were acceptable for single instillation studies. However, it is noted that the use of protein as dispersion agent constitutes a problem in studies using repeated exposures as the repeated exposure to protein-containing dispersion medium can induce an allergic inflammatory reaction ([@CIT0065]).

Conclusion {#s27}
==========

Water seems to be the best dispersion medium for observing a genotoxic effect of CB to mimic the genotoxic effects observed after inhalation exposure. Ten percent BAL in NaCl could be suggested as an alternative dispersion medium for CB. No dispersion-dependent effects were observed for TiO~2~. For CNTs both investigated dispersion media, CNT in 2% serum or CNT in 0.05% BSA with ethanol pre-wetting were similar. Our results suggest that it is important to consider the influence of dispersion medium when using intratracheal instillation as a model of inhalation exposure.

Supplementary data {#s28}
==================

Supplementary data are available at *Mutagenesis* Online.
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